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.MOXE: an X-ray all-sky rtmnitor for the Soviet Spcctntm-X-Garnma mission

W. Pricdhorsky, E. E. Fenimore, C. E. Moss
EarUi and SpaceScknccs Division, IAS Marnos National Laboratory

R. L. Kellcy and S. S. Holt
htraatay for High-Energy Astrophysics%Goddard Spwx Flight Center

ABSTRACT

We arc developing a Monitoring X-Ray Expmimcm (MOXE) for tic Soviet Spccuum-X-Gamma Mission. MOXE
is an X-ray all-sky monitor H on array of pinhole carncras,to be provided via a cdlabormion bcwmen Goddard
Space Flight Ccmer and Los Alamos National LaImratory. Our objectives are 1) to alert other observers on
Spccuum.X-Gamma and ohcr platforms of interesting transient ectivity, and 2) to synoptically monitor the X-ray
sky and study long-tam changes in X-ray binaries. MOXE will bc sensitive to sourcesas faint as 2 miIliCrab (5iY)
in 1day, aml cova the 2.20 kcV band.

1. INTRODUCTION

X-ray stars include some of the most bizarre and fundamental objwts in the Univcmc, like neutron starsand black
hoks. Wc have Icamcd about IJwscobjects by studying their tirnc variations, both rapid and slow. An all-sky X-ray
monitor can mcamrc variations in every bright X-ray star, with a resolutionof xmxds, over a baselineof years.The
Soviet Spcuum-XGarnma mission, achcdutd for launch in 1993 and recently opened LOUS panicipmion, offcm an
ir,kal platform for sucha mmiuw.

MOSI x-ray instmncnts n pointed, and study onc aotuce at a lime for no mom than a fcw days. A monitor, which
looks evcrywhcrc atl the time, provides two capabilities: a red-time alarm for uansicn[ phenomena, and an archival
record O( changes in X-my stars.The alarm capability allows more sophisticatedinstrumcntatim in X-ray and other
bands to tu alerted to transient cvcnis. For example, t,mnsicnt X-ray sources erupt several times pcr year in
uncxpcctd lcxalions. If Spwmum-X-Gamma carries an Xway monitor, its more ~nsitivc narrow field.of-view
instrumcrus can be pointed at ncw transicnl sources to study Lhem in dctuil. Observers at olhcr wavelengths,
including gnmma.my and ultraviolet astronomers with spaco-basedinstrumcnta,and optical and mdir) astrormmcrs
waking from the ground, CM also study tic transient bdorc it fades away, Such smdics have found our hm
candidates for black hoks. The archlvc produca i y a monitor allows Iong-lcrm studies of changes in neutron stur
rotmicm ra!es, doubk mar orbits, and wcrctiar disk structure We thus karn almut the physics of mtm tnmsfcr onto
bla~k hoks and ncutnm stars.

Previous X-ray all-sky mnnimrs have km irrscnsitivc,and none has operated since I?IN). The prcscnl monitor on
the JapaneseGinga smlcllitc dues not cover the whole sky and has a very low duty cycle. Evcntutilly, an ull.sky
mcmilar WI the Space Sution should provide for ihc X-ray sky the same kind of dnta hasc prnvdcd IU OpIIL)JI
astronomer.:by the Harvard plwcs, [ hml dwn ( I!JW?), there is a gap. The only all-sky monitor planrrcdfor dIc ncm
Icnn is NASAs X-Ray Timing Explorer\ lW-t’~. 1995),

Wc arc dcvclopmg a simple X my ah-sky mnnmw (or Sfx-c:rum.X .Gammu, ‘Ilr lns~mcn[ WIII t-r n scI of SIX X -
ray pmholc camcrn$ th~t sum umtmuously at the cnlirc .skv,with a handpms 1}(2 m X) krV, The dc[timrs will bc
RC-rcndm,rIpowtion wnsinvr proportmwd counters, L)ntaratesarc low, and the msttumcm opcrntcsautmrommdy,
with minimal intcractinn required twtwcmr the inwmmcm and rcsl of the sqracevri[l, A solid-s[uw dIgII;Il dmu
rcmrding sy.acm wnrcs up 1032 hoursof MOXE duta.

}hdl SIId Priodhnrsky ( lYti7) thsruwcd thr molivulion h)r a pmht)lr carom X-ray ;dl-sky rnonilor, and u L’(ML qtlu:d
dcsiHrr,~al pqcr led (hrmlly to [hc Instrumcnl now’under UonSIWL”[l(}ll ‘llus p:lpcr rqm%ms Ih;lt muluroll(m III
thw dcmgn.



2, SCIENTIFIC (.OBJECTIVES

2.1 Historical perspective for an X-ray all-sky monitor

1159-20

An X-ray all-sky monitor cm provide two independent capabilities: a rcaJ-time alarm for transient phenomena, and an
encyclopedic record for archival investigation. The extent to which a specific monitor can adcqmtcly provldc IJICSC

capabilities is a strong function of the detailed nature of rhc information sought. For example, a rnonuor designed
only to signal the onset of strong solar flares does not require high sensitivity, storage capability or even locatlon
capability on the sky (since the flaring sun will unambiguously overwhelm the monitor respon.sc).

Thc extrasolar X-ray sky is dominated by the cosmic X-ray background (e.g. MarshaIi, et al, 1980) and the brigh[
source Sco X-1, in the sense thal a broad-band X-ray dcmctor wiL> omnidircctiorud rcspon.sc will have this
“background” as the major contributor to its count-rate. The few-hundred brightest sources on the sky have both
spatial and intensity disrribulions which suggest thal they arc Iargcly confined to the plane of the Milky Way, while
dimmer sources have boti the spatial (isotropic) and intensity (N(>S) - S-3/2) distributions chamctcristic of a
relatively uniform population of either intrinsically weak nearby sources or intrinsically strong extragalactic .sourccs.
Both types actuaHy contribute. but the Iattcr dominate as the number of dimmer sources exceeds the possible
conrnbut.ion from condensed sources in the galactic disk.

Marked temporal variability is almost ubiquitous on the X-ray sky. Only the gaseous nebulae of supernova
remnants (<1 % of the galactic source population) anr! galaxy clusters (perhaps 10% of the thousand brighlcst
extragalactic sources. but a rapidly decreasing frsclion of the dimmer source population) f~il to exhibit dctcctahlc
temporal variability. Truly periodic phenomena rii $ generally associated with rotational or orbital periods, while
aperiodic or quasiperiodic variability can have liverse origins. Shofier timescalcs gcrwrully describe smi.dlcr
dimensional scales. Spec~Ic examples of variabiii[y will be discussed in the next section,

The alamr function of a monitor is its ability to signal anomalous variability, which can rcsull in immcdia[c folknv-
up investigation with other space-borne or ground -briscd insuumcntation, Importam unanuc ipa[ed discoveries mtiy
result from the accidental detection of transicm X-ray behavior. Early in the history of X-ray asuonomy, f(]r
example, before sub-am-second X-ray Iwuion capabilities existed, the “best” gidactic black hole candidate Cyg X- I
was idcmifkd from simukancous X.ray and radio flares (Tananbaum ct al. 1972), More rcccntly, tic laIcst camhdutc
for a black hole in the galaxy has been associated with the tmnsieru A0620-00 (which was the brightest X.ray sourrc
in the sky at its maximum) on the basis of prorcpt follow-up optical memurcrncnts (McCIintock and Rcmillard
1986).

Whether or not X-my variability detected by a monitor is used immcdia(cly m direct olhcr instrumcnratirm, tic rccx)ld
of variability can be maintained for future archival study, This archival wqwc[ of a pcrrrmncnl X-ruy all. sky monlk)r
should not be underestimated, m wcw of the empirical fact thm temporal mcasurerrents hnvc thus far provided ~hc
kcy 10 understanding some of [he most important and basic aspects of X-ray sources, as rcvicwcd briefly below.

2.2 AlI.Sky Monitor Astrophysics: Some Particular Examples

The Iong-tcrrn studms possible with an X.ruy all-sky monilor will Icad to nrw inxlght irl [hc nu[urc of ucurc!!n~
compact objecls. Rather than be cornprchcnsive, wc discuss below .wmc particulw examples of Ihc cx~ctcd
scientific yield from MOXE, Not included blow arc phenomena M ln:~)rtim[ LX l(m~.term cycles In X .my bm;!rlc~,
which have been reviewed hy Prmdhorsky and HOII ( I W7),

2.2.1 Luminous LOW-MUSS X.Ruy Binaries
Thanks lo qum, -pcrmdic oscilhmons, mtcrcst in lumlnous low-maw X ray hlnarlcs, Iikc those m Ihc (;;d;i~Ii( IIIJIKC

rcgmn, has been rckmdlcd m reccnl years, Qunsl.~ri(Nlc oscill:ttmns (Qll)) urc nur firsl M(XUI hundlc on (ho nt”:II
cnvimnmcnt of the brighk!sl X.ray stnrs m our Gulaxy, Tlmugh these objccls were !hc firsl X ray !tm dlwovcrcd,
wc still understand thcm poorly. Wc prCSUInCthcm to IX neutron sI.ws, accrcling nl~llcr from u Iow.;nmw compu:IiIm
and rclcasmg radumt energy m the’ muucr fulls lrrl(~ [hc deep gravi~llonal WCI[ of the n~u~ron sl;lr II; IOXf, IWt)

groups of investigators (h.wovmcd qunsl.perwdic oscdlmions M 550 1{/ m these ohIccIs (vim dcr KIIS CI ill l’JHf,
Middlmhtch and Pncdhorkky I VIM), Follow-up ohscrvnt I(ms, csfwcltilly hy the EN( )SAT xaIcllIIe, showed \IniIlw
OSCl[hNlon!$In many ]UIUIIM)USh) W.MaSSX-My blna:ics, 7%c (!sL’ilhJll[)t) phcnorncno may tcll us Uhoul lhc q)In r:llc
and magncuc field of lhc neutron stars lhul arc huricd m lhc dcn,scplii~m[t cnvmmmcni (d ihc~ $ystmf

?,,
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Quasi-@odic oscillations exhibit a variet y of behaviors that arc strongl y corrckucd with spectral state. Cygnus X-2
and rx.hcr luminous low-mass sources tmce out a regular “Z”-pattcm in Lhe hardness/intensity pktnc, with I.mrrsi[ions
that must correspond to changes in the geometry or stability of the accreting system. For example, the lower bend
may correspond m a transition to super-Eddington accretion, with pcfar funnels and jets appearing in the accretion
flow. Other low-mass X-ray binaries show non-”Z” patterns (Hasingcr and van dcr Klis 1989).

MOXE would monitor the spectral-intensity variations of luminous binaries continuously. A bright bulge source of
500 milliCmb wiU yield 0.7 counts/s in the MOXE array, allowing an intensity measurement to 3%, in a half hour.
Since transitions along the spectraf/intensity diagram take place with time scales of hours to days. MOXE will map
the behavior of all bright bulge sources. We could learn how common tie “Z-diagram” behavior is, what fraction of
its time each source spends in each branch, and whether the Z and non-Z sources ever t.radc roles. As we better
understand the spectral-intcnsiiy diagram, such observations will tell us the accretion rate behavior of the bulge
source-s,and whether there are intrinsic differences between sources (such as rotation rate or magnetic field). Detailed
studies, such as QFO observations widt larger Spectrum-X-Gamma instrumcms, will be facilitmx! by MOXE data,
Observations can be carried OULwhen the source is in the appropriate state. For example, the horizonml branch in
Sco X- 1 is very mm; QPO studies of this state cm be triggered by MOXE spearal observations.

2.2.2 Accreting White Dwarfs
Cataclysmic variables (CVS) arc semi-detached binary systems containing a whi;c dwarf that is accrcting ma[cria]
from a small companion star. They exhibit complex temporal and spectral behavior at X-my witvclcngths. CVS full
into two main classes: those with weak magnetic fields (chiefly rhc dwarf novae) and those with appreciable
magnetic fields. The Iattcr include those CVS showing ktrgc optical polarization in synchronism with the binary
period (the “AM Her stars”) md those showing coherent pulsations cn a time sdc of mirwtcs (tie “DQ Hcr stars”).

The fields implied by Lhesc phenomena are between 106 and a fcw umcs 107 Gauss, In both types of systcm,
magncLic fields channel the accretion flow onto one or mum pob:= cm the white dwarf. These stars therefore have
complex optical and X-ray light curwcswhich depend on the inclination of the binary systcm, tic oncnrittion of t-he
accretion poles, and the amount of mass transferred from the companion star. They exhibit high and low X-ray sratcs
that occur on a time scale of months. The weakly magnetic dwarf novae have irregular inwnsity bnghtenings LIULI
occur every fcw weeks or months. The* are marked by dramatic changes in the intensity Icvcl and spectrum which
occur at all wavelengths. Many CVS have ultmsofi X-ray emission during optically bright states and almosl all CVS
observed reveal Lhe presence of a variable “hard” component (2 - IO kcV) during all opticaf states, Scvcml CVS will
be bright enough to be detected with MOXE in a day, Intclpr;tatmt of the origin of their X-my emixion and dw
nature of their variabk tcmpoml bc)uwior depends on continuous, Iong-term monitoring, To date, these objccLs have
bocn sampled only sporadically with pointing X-ray instruments. Observations with MOXE can answer a number of
Impottant qucslions regarding these objwLs, such as the wturc of dwarf nova oulbursLs, and the gcomclry of
accretion in magnetic cataclysmic variables

2,2.3 Sort Gamma Repeaters: A New Class d Fast Trarmicnt
Scft Gamma RcpcaLcrs(SGRS) area ncw class of objects (Laros ct id, 1987; Aueia CIu], 1987), vcty diifcrcnt from
X-ray burstcrs and the classical gamma ray bumters (GRB), which arc particularly appropriate fur M(~XE 10 monllor,
Their Iypical photon energy is 30 kcV whereas the X-ray Imrstcrs have typical cncrgics 3 kcV and the classic~ [;flIl
have typical cncrgim in cxccss of 300 kcV, The classical CRB have very chaotic time histories lusting from Icss
than a second to more thm 1000s, while the X-my bursters have very simple time historlcs with a sharp rtsc utd u
dccaymg tall kting tens of seconds, In contrast, the SCIR hirvc very sharp rises and fulls wi[h the whole event
Ia,,ting the order of 0, I s, There IS no cvdcnce that a clmsictd GRD hw ever rcpcotcd; n~lnnnurn rccurmncc umc~ nrc
sevcml years. The X-my burwers have two different ptmcms of rr ~titions: Typc I and Type 11, corrcspon(ling to
nuclcrnr flash and accrctmn insrabi;ily events. l%c SCiR ccrLainly do nor hitvc either of the those patterns (1.ares CI A
19H’)), ThL!rc IS no corrchLLion helwecn cvcni size and spnclng; in fuct, ~c third l~rgcsl event O( SGR I N:)(v 2[)
occurred wllhin one second of the Iargcst cvcnl and, yet, avcmgc size cvcnL$ can occur after alrnosl tiny pcrt(d {JI
ttmc, Only three SGRS arc known: SGR1900+ 14, SGR 1806.20, md SCiROS26.22 (ILl~j km)wr as rhc “Murch 51h”
cvenl; MAZCLSc1 al. 1982), Thaw sourrcs arc extremely difficult to detect. There seems to be no pmcm in how the)
recur and thclr short duration rnakcs rhcm appear M noise glitches in a dcLcclor, However, they are cxucmcly Imght,
rmchmg .3(N) Crab, w they can be m!iily dcmcmd in a 1 cm2 dcmctor, II was only gond luck that one of [hc sr)ur(,’~
(SGR 1806-20)” was ●lways within the narrow field nf view of the [JCfl/l,os Ahrmos x-ray and gmnmo rnv
mstrumcnLs on IS FJ-3. S(3R I MM-20 wsu!seen to repeal 110 times, llc xpccwum of SGR 1l!06.20° lulls shnrpl) UI
low energy and is mconwstent with ●ny SClf absorption or thcrrnal process, t)UI can IX fll with LI slnglr (;;Iu\sI;IH

hne aI 1H kcV, suggcating newly pure cyclotron crnixwon,



1159-20

MOXE would have been able to detect all of these events as well as any cornpamblc events from anywhere on the
sky. Since MOXE is an imaging system, we can easily distinguish t.ruc events from noise glitches since a true cvcm
will occur only in a !ocaiizexl region of the detector. Wc have performed extensive Monte Carlo simulations of onc
year of MOXE data including orbital effects, the pinhole-detector geometry. the efficiency of the dcteaor, the various
backgrounds, and the presence of the Uhuru catalog sources. For a burst lasting 0.1 sees (the typical duralion of a

SGR), MOXE can detect events down to 2 x 10-6 erg/c m2-sec. The brightest burst from SGB 1806-20 was 7 x 10-5

erg/cm2-scx and all 110 everms were brighter than 2 x I(F6 erg/cm2-scc. Spectium-X-Gamma will thus be able m
study in unprecedented detail a class of objects for which wc know neither the galactic distribution, the mechanism of
the energy release, nor the ofmcal coun!erpa.rts.

2.2.4. Gamma-Ray Bursts
The X-ray portion of dre spectrum contains crucial information on the nature of classical gammc-ray bursts. A
central myster~ of gamma-ray bursts is why tie bursts arc gammti-ray events at all; that is, why rhc gamma-rays do
not thermalizc and prochxx many more X-rays than seen. Though X-rays arc a small fraction of the total burst flux,
gamma-ray bursts arc still bright X.ray sources. X-ray data can tell if the spectrum becomes optically thick, whether
there is an underlying X-ray source (necessary for some Comptonization models), and de[erminc the continuum
underlying cyclotron lines (Mazets et al,, 1981), Ginga data d]owcd a pair of spectral lines al 20 and 40 kcV In onc
gamma burst, presumably from cyclotron absorption near a magnetic neutron star (Mumkarni cl al 1988; Fenimore
ct al. 1988). Confirming measurements would bc valuable and require good measurements of :he underlying
continuum, espxially in the region 10-20 kcV, The continuum below the Iinc is also importan! because that part of
the spectrum cannot be easily produced by cyclotron pnxesses. Based on a Monte Carlo simulation, wc will be able

to detect bursts down to a total flucnce of 1 x 10-6 crg/cm2, which tmnslates into about 90 events per year. of
those, roughly 15 will have sufficient statistics (5 u in more than half of the spectnd bins) to do detailed spcctml
analysis. This is roughly 5 umcs as many as can be obscrwxi by the L,os Alamos proportional counter/scintilla[or
on Ginga.

2.2.S X-Ray Transients
The value of an all-sky monitor like MOXE in alerting observers to tmnsicnl X-my sources is well-known.
However, only recently have astrmomcrs Icarned just how common moderate-luminosity transients arc. The galtictic
plane sumey by EXOSAT revcahxt sevcml uncataloged bright X-ray sources (Warwick e[ al. 1985), Surveys by
Ginga showed six unvuatoged sources, 4 of which were not seen by the EXOSAT survey (Koyanw 1983), The ncw
sources had intensities from a fcw to a fcw tens of milliCrab, and include a Iargc numtwr of Bc-ncurron star binaries,
lnd~d, such transients may comprise the vast majority of gaktic X-ray sources. MOXE has the scnsitivi[y to tmck
transicnL$ at this Ievcl. As a rcsuh, MOXE should lmck scvcml tmnsicnt sources at a time, WI dctcrminc the
frequency, luminosity function, and galactic distribution of modcmte-luminosity tmnsicnLs.

2.2.6 MOXE and A(IN Studies
T%ercarc two reasons to believe that the cemral energy sources in artivc galaxies contain blirck holes. ?lcsc arc the

very large X-my luminosities (I@] - l@6 ergs/see) and the mpid variuions (down 10- 1 hour or possibly shorter)
in intensil y, which indicutc large mnsscs (> 106 M sun) and compact size scirlcs based on light-crossing ~imc
arguments. Prior tc the launch of EXOSAT in 19ti3, ihclc were only brief locks at active ga’axics, using ~hc
Einstein Obsewtitory and earlier instrumcnLs, These observations cstahlishcd tha[ the flux from ac[ivc gnlaxlrs
(including QSO’S) can & variable, !x! the timcsdes for variability wm not WCII established, much Icss how ttw
vuriqbility was related to other SOurcc prnpertics (c,g,, source luminosity). Otmervnlions wi[h EXOSAT, with IIS
long orbital period and Iargc cffcaivc area over an cxlcndcd btmdpass, hilvc shown that AGN arc variable orI
t]mcsctdcs ranging from several hundred seconds to more thnn days. The Fourier power spectra of these .sourccs
Iypically show power law shapes (wiih slopes near unity) that extend over several orders of magni[udc in frequency,
Obviously, the power must roll over below srrmc frequency and Pounds and Mcllardy ( 19811) suggest thaI tm dw

basis of archival data the Iow-frwucncy “knee” IS below 107 H,’, This is a tantalizing rcsull worth following up II
hinL~ that AGN arc simply Scoicd-up versions of accrcting stellar black holes Iikc Cyg X.1, “rhul -10 M$(,IIU {hjm’1

shows a Iow-frequency knot at a fcw x 102 Hz (Nolun c1ttl. 1981 ).

There arc at hi a damn ~livc galuxlcs for which MOXE WIII provIdc Ilgh[curvcs with -1 day IImC rcsfdutltm
This timcsctdc is interesting brxau.se II is there thn[ pnwcr SpCCU-Sarc obscrvc~ I(J roil over IN IOW frcqucncws
Important sources include well-known bright active guluxics such as C’CII ,f (which runges from -4- 15 nliIIK’r:l!>)
and NCW 4151 (2 milliCrab up to 12 mill K3ah) arid scvcml ill. l.trc ohJCCIS (C;mmml CI id, 19HH; !ictl~:trt/ ;III(I

Madcjski 19117). The fluacs of ihcse objr?cLsMC such Lhut t.hc N yqulsl I_rcqucncy will ran~c fr[ml - (), \ (lay to - I

4
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d~y, and the lowest measurable frequency should be below’ -1 yr-’. MOXE will thereby survey a new temporal
regime for these objects.

3. EXPERIMENTAL APPROACH: A TRADEOFF STUDY

MOXE is an X-ray all-sky monita bami on pinhole carncras. h has an all-sky field-of-view, -3° angular resolution,
-millisecond temporal resolution, 2-12 keV (or greater) energy bandpass, and 2 milliCrab sensitivity in a l-day
exposure. In this section, we discuss the tmde-off analysis which led to our expcrimerttal approach, which is a
compromi~ between cost/complexity and scientific remrn.

X-ray all-sky monitors can be built with several approaches. To compare approaches, we compare scicntific
capabilities for a given lCVCI of resources (e.g. cost, power, telemetry). In the spirit of fairness, we therefore
compare approaches that use the same values of gross dctecmr area, detector positional resolution, overall field of
view, and energy bandpass.

We arc developing a baseline system of sim~le pinhole cameras for an X-ray all-sky monitor. It m ghl at first app%u
that a system of scanning, slat-collimated proportional counters similar 10 the Ginga ASM could provide a simpler
and chcmper alternative, since the counters need not be position-sensitive. The formal signal-to-noise ratio for each
module of a comparable system (i.e. same gross detector area, field-of-view per resolution clct~ent, and overall field -
of.view) is only a factor of two or so worse than for a pinhole systcm. The scanning sys!srn has comparable
sensitivity because (to lowest order) its instantaneous area advantage is balanced by its decreased duty cycle. Each
module is somewhat poorer than that of the baseline pinhole system because the scanning pinhole requires two
crossed systems lo determine sw locations; even so, sources of similar brighmess are ambiguously located.

Such a system of siat collimators has at least three other disadvamages relative to the basdinc pinhole system, In
auempting to normalize all approaches to the same resource requirements we have chosen a module field-of-view that
is optimized for the baseline, but 1/6 of the sky is not the optimum module field-of-view for a scanning slat
collimator system. Unlike the pinhole, which can cover the sky with six l/6-sky modules (representing the six
faces of a cube), scanning slats c~rtoi do the same with six lb-sky grew circle bands. In addition, a scanning
system has a difficult time studying fast transient sources like the soft gamma repeaters, A more scriom problcm
with this approach is that the rtecd for a scan mechanism and an unobscured view of the sky present scvccc
accommodation complications for a monitor not located on the outside of a spinning spacecraft (which Spectrum-X-
Gamma is not). The need for moving parts rules out a scanning monitor for Spectrum. X-Garnrria.

A more complex monitor mighl involve a group of reflecting telescopes arrayed to achieve full-sky covcragc (for a

fair comparison with the baseline, 1/6 of the system should be constrwned to have a total detector area of 1000 cm2),
Wc reject such a systcm because the number of such telescopes would be very itirgc, since grazing angles -10 arc
min are rquired for the desired energy range. In ddition, monitors with foeussing optics that have exccllcnt
sensitivity as formally evaluated, also have prohibitively large fitbrication and/or accomrnodmion costs. As such,
they are not uppropriatc for a modest, low cost monitor syslem, This category includes it variety of options with
reflecting surfaces, such as batmrics of Woltcr 1 telescopes offset from each other, “lobster eym” (Angel 1979) or
systems that might rquire optics that are conceptual y straightforward but practical y complex (e.g. Schmid[ 1975).

Considering reliability and affordability for Iong-tcmr unattend,:d monitoring, the only true competimr m the slmplc
pinhoic is a coded tqmt~rc (i,c,, a rntdtiplc-pinhole systcm based on URAS; Fenimore and Cannon 1978), As
illusmucd in Figure 1, this might appear to be c simple cxtrapoltition of the sin~lc pinhole 10 Iargcr area, but the
signal extraction is qualitatively different. Thc multiple pinhole provides a multiplexing advantage of up 10 NI ~,
where N is the number of pinholes. However, thcm is a disadvrtntagc to multiplexing hecausc different sources
contribute to the same detector clement, As a result, the noise from every source contnbut-x m the noise in coch
other, though there is no .ryslcmafic crosstalk between sources. To comfutrc these IWO systems and dctcrmirrc the
aensilivity of the MOXE pmholcs, wc define the following parameters:

5
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Figure 1. Si@ifud gcneralizatwn of a sin@ pinhole 10a mul!i>le pinhole. Tk multiple pinhole presents more
active detector area w any directwn on Ihe s~. A sourceposifi.onis dera”vedfrom tk pattern ofrespnse across the

endrt &leclor s@ace.
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fsan cuuucr gasand window, irduding offset angle

= am of singk pinhole (cm )
= nmn~r of pinholespr cklmor stimc area
= internal dcwctcwbtxkground (cm-2-s-1)
= difhc background(cm-24-1 -ss-1)
= fcxal lcngIII = distancefmm mask LOdcwctcm(cm)
= scdidmglc subundedby a pinhole al disunce f = M’

Hem we assumehat h coded mask is 1/2 open and 1/2 closed, such!luNk mud dcloctor area is 2NA and IJICIcmIl
fmld of view is 2NS2fw Ihc co&d aperture.

Tlw “signal” (tnlal numkr of c.cn,ms)mcssurul froms murcc by a pinhok is given by:

Sigdpin = S(h[)AC (1)

where the kkcti tam rcpmscntsthe neI time on the source, Tile “signal” for tic codcxi a~rIurc is:

Signalura = S(IM)NAC. (2)

The “noise” rclevwu 10 IIW above signal is given by tic square rool of WClout capcclcd background plus [hc
signal, upon which the signal ridm:

Noi.~in _ {A(ht)(Sc + 1 + G!L)c) ) 1/2 (3)

Noi%ra _ IA(hI)(NSc ● 2NI + ?M2(IDc + Nc~Sl)) 1~ (4)

6
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where S1arc all the SOUYCCSwithin tie field of view.

Thus the pinhole signal-lcmisc ralio is:

SNR~ = Se [Se + I + f2De]-1~ (Aht)]~ (3

adheccdcda permreis:

SNRua = N1n Se [SC+ 21 + 2Nf2D + ~Si]-’~ (Aht)’fl. (q

If tie diffuse background contributes most of the coums LOa coded apcm.t.re,tilen the 2NQD term dominates tic

noise and cancels Ute N]~ multiplexing advantage hat derives from multiple pinholes. Indeed, for a MOXE-sized
systemand our limiting sensitivity of 2 miliiCrab, he coded apertureoffers no advaruage.

However. the codod aperlure SNR increaseswith sourcestrengti as S, while tie pinhok increasesonly as S1~, so
W coded aperme has a considerableadvantage forbrighmr sources.For example, for a MOXE-sized systemand a
source of SOmiMCrab, Ihe coded aperture gives twice the sigrud-onoise of a pinhole. Thus the coded sperm.reis
beuer fa monitoring changesin bright sources,tihde tic pinhole is MM for demaing faint sources.

A separateqtion from sxwce signal-tenoise is sourcedemcLabiJity:lhe significamc with which one can rule OUI
he null hypdesis that there is no source, In ~at case, the noise tam does not include tie Se Lcrm, but only
imludes background slatiu.ics.For example, tie significance of &tcction wi~ a pinlmlc is:

Significanc~~ = Se [ 1+ f2Dc]-1~ (AhO1~ m

Note Ual, for small numbers, quation (7) breaks down. One must dcted a fini~ (>5) number of phoums to have a
&tcction.

Unfortunately, the ccukd apmurc succ~ aI me COS!of a much higher count rate. The count rmr for a pinhole is:

m~in= A(e~Sl + 2DJ + 2NflDc), (8)

whikfmm coded apemrcdww is:

Ra%a = A(cN~Si + 21N + 2N2flDc). (9)

lle coded apemre count rale is higher by - 2N2nD / ~l. which is a very large fiiclor, Tclcmclcring such a high

count rate is beyond Lhecapability of Sp.ctrum-X-Gamma and, ahhough WChave dcvclopcd scvcrid on-board
p’occsing techniques rcnimore and Weston 1981, Fenimore 1987), ticse wchniqucs require too much complexity
in W daM handling.

Beuer angular m.solutioncould be achieved with linear detector resolution Iincr lhan tic con.servaliveonc.pon-in-64
whpted for MOXE sysicm. However. even with state-of-he-an linear Iocatirm capability of onc prIrI in 1000 (i.e.
I@ resolutim elcmen~ per detector), arc-secondImation capability would still ix OUIof reach,

4. THE MOXE INSTRUMENT

4.1 The Baseline Approach for MOXE

We are developing an army of 6 X.ray pinhoie cameras 10 provide aii-sky rnonimring on hc Spccuum-Z -Chmmo
ok~amry. ‘his insuumem wili be caiied MOXE (Monitoring X. Ray Experiment). Figure 2 display~ [hc MOXF.
ayslem with the pinhok-m-deteax dis~mc f and k totai active dclccmr area ctmscn such IIUII the [it’Id-of-wirw ot
Ik IIIduie is ifi of l.k sky (i.e. one face of a CUIW), In (his ca~ f is luIlf [hc [in~ dimcn~ion of Ihc dcl~~lor; ~UI
is, f - 1/2 [2NA] ‘~, Achudiy, f is made slighliy smaiicr such thnt ~crc wiii he ovcriap hciwccn the modules even
if there is a siight misalignment Mween thcm.

7
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L

Figure 2. Conceptual &sign for a pinhole camera modu/e with afi overalljield-of-view of approximately 2n73
steradiam. A line~ &tector size that is twice thepinhole-to delector distance d@tes the onedimensionaljield-of-

view lo be-900. The pyramid-shaped mask has a single pinhole that allows a unique tran~ortrtation between an area
on the sky and a location on tk &tector sutfhce.

The p,nhole size should be made large enough such that I and QDe are comparable. Larger pinholes are “faster” in
the sense that L!ey reach the Poisson statistical limit for a given signal in a shorter time, but they offer no advantage
in sensitivity if a short integration time is not cntied, and they have poorer angular resolution. If 1 = (2 De, then

both terms contribute quaily to the signal-to-noise; that requires I = Cl De = ADe/f2 = 2De/N, so that N is
approximately 2De/I. Thus, for modules that each view 1/6 of the sky, I - CIDe suggests a pinhole area that is
abow 1000 times smaller than the detector area (for the I and D below). For optimum resolution, each pinhole area
should be oversampled by at least a factor of two in each dimension. As a matter of practicality, the state-of-the-art
for imaging pmpart.ional counters ean easily tolerate the +54x64 resolution that would be required,

The final design consideration for our baseline system is the md~!c size. Since the signal-to-noise is proportional
to the exposure time and the area, the monitor “speed” settles as the square of its linear dimension. The mass of the
system scales as its cube, so that for traditional cost models (which scale Iikc the instrument mass to the 2/3 power),
we are left with a linear relationship between monitor speed and cost. ‘The numbers below follow from fixing the

gross dctcetor area at 1000 cm2 and the pinhole area A at 1 cm2:

A=lcm2 f=16cm f’2=4x103sr h=e=O.8.

TIE backgroundsarc

D= 3cm-2s-lsr-l (3 -6kcV)

D= ~cm-2s-lsr-1 (2 - ]2 kcV)

J = 3 x 10-3 cm-2s-l (3 .6 ke~’),

I = 8 x ]0-3 cm-2s-1 (2 -12 keV),

1 Crib = 1.4 photons/cm2 (3-6 kcV)
= !.0 my (5.5 kcV) = 947 UFU

= 2.4x ltY8 erg-rm”2.s-1 (2- 10 kc V),

u
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The Pammem h anticipates exposure-reducing f~tors for typical viewing conditions, and 1 rcprc-scmstwice AC
minimum background experience-din orbil with similar deteaors (e.g., on HEAO- 1). Backgrounds in the 3-6 kcV
band are used to estimate sensitivities (conservatively), and llmse in the 2-12 keV band are usml 10 estimate dcmctor
count mm.

4.J Experimental Capabilities

The detection limit of the MOXE system is shown in Figure 3. The detection limit come.xpondsto a 5-sigma
significance of detection in tie 3-6 keV band (equalion 7). In a 1-day exposure,MOXE can detect sourcesdown to 2
milliCrab (5u); in 1 hour, 9 milliCrab; in 1 minute, 72 milliCrab; and in 1 second, 4.5 Crab. For short cx~sures
(<60 s), the detection limit of Figwe 3 requires 5 sourcecows. -USC m ~ckground is less ~ 1 counL T~c

galactic “transients”(i.e. hard X-ray emission with peak luminosity >1036 erg/s and decay time> 1 day) should be
detectable anywhere in the galaxy, and factor-of-two variability can be observed in -IMI galactic sources on
t.imescalcs of an hour or more.

4 -

3 -

LOG S (mC) *

1 -

ok
1

-——_J__L .
& 4 6 8
LOG t M

Figure 3, Five-sigma &lectwn ii~”t oftht MOXE pinhole camera system (equation 7), with the average exposure
@ciencyparameters discussedin W text, aJ a function ofgross accumulation time. The trace divergesfrom dw

amlytic (straight-line) datwn by requiring 5 recorckd sowce counts wkn the expectation value of the total
background is lessslumI count, The am.vs signal [k &tection limit for 1 m“n, 1 hr, and 1 week.

Our positicmalpoint-spread function (PSF) is estistmtedfrom the various blurrings that can conuibu~, The IWHM
of the PSF is roughly one-half of the effective pinhole size divided by the fmtl Icngth, The effective pinhole size
can IM found from the convolution of the tme pinhole size (1.0 cm), the readout ?ixcl size (0.5 cm), and the PSF of

W dete’mx(-0.5 cm). Estimating the convolution by adding Ihesevalues in quadraturegives a PSF of tan-l [(3) 1~/
U 16] or 2.2 degrees. Centroiding can give psition to about one-tenth of Ilmt or 15 arc minutes.

Since -h I/d-sky module wiJl have 4 sfsong(> ICKlmilliCrab) sources in iw total field-of-view on the avemgc,
and -h of these sources will contribute - Id counts per day, the strong source network is capab:e of dc(ining
aspect for each modules independently to an absolute accuracy of tie order of 15 asc minutes, Considering a
monitor fixed in inertial space, for example, anti the worst case situation where the source cenuoid is CIOSCto the
comers of four detector elements, the daily accumulation in each of the four strcmg-sourceelements will be
> 3/16x20(X)-375 above artave~e backgroundof .300, This estimate is consenmtivc, because some of the bright

sources will be sts’cqer than 100 milliCmb, Anv uncertainly (or variability) in source magnitude is immaterial,
Note lhat similar centsoid determhmtion is pssible even when tie monitor driits in celestial coordinntcs,provided

9



Lhat the angular drift Imween readouts is lCSS than the angular rcsol~lion of the moni(or; if nvt, the cffcclivc
background will k larg~, since the image will be sprmd among more pixels per readout.

Bright (> 100 milliCrab) transk.us can be located to c 15 am min witi lhc baseline system, but -1 day would Ix
required to xhieve such precision. If we can take advantage of independent information, such as .spacccrafl aspect
data, the dctcnwinat.ioncan k made even faster since the largest uncertainty will be the (good) couniing stmisticsof
he transient, ifself. Under these circumstances a transient as brighl as A0620-00, for example, which rcachcd a
maximum intensity of --50 Crab, can then be Iacawd D < 15 arc min in -2 temporal minutes. In any case, the
location of 100 milliCrab transients to< 60 ar: min can always be accomplished on timcscales <1 hour (-100
cmmts allows the source to uand out clearly from the bxkground, but the statisticsfor ccnmoidingare Iimiled). llc
tofal count contribution from a 10 milliCrab tmnsiem is comparable to the total background in onc pixel, so [hat
Iccat.icnto -1 degree will require an aceumukmiontime -1 day.

me baseline system of 6 modules is capable of monitoring the whole sky on time.scales>1 wtxk for sourcesas
faint as -1 milliCrab -1 UFU that arc separated by a fcw degrees with no source confusion. Every 10 milliCrab
source can be monitored on timescales of an hour, and bright (> iOO milliCrab) sources can be monitored on
timescalca of minutes. Only the brightest dozen sourcescan be monitored with the baseline system on timescalcs
ltss dun one minute; we shall, therefore, adopt onc minute as the baseline minimum readout time, with -msec time
remludon much pefemed

Since the total expected counting rate from Lhesu modules is -1(KI counrsS-l (with lessh half fmm monitorablc
sources), e~h detected photon ean be encoded in 32 bits (one of 4096 elements in each of the 6 modules and 16
energy channels, with 12 time bits) at a telemetry rate of 3.2 kbps, with no losseson the average. Bright spotson
the sky (the Sun and Sco X-1) can be masked out of the telemetry stream to rcducc telemetry. For the MOXE
ex~mcnt on Specuum-X-Gamm& w require 50% exua telemetq (5.0 kbps) to allow for very bright fransicnts,
unexpectedbackground count mea, and special readoutof triggered burstevents. High on-orbit count ratescan also
beaccommodatedby ekctroniedly namowingthe lelemetry window to scunewhatlessthan 2-20 kcV.

Imcnsc flux fran the Sun, the brightest sourcein the X-ray sky, raisesa particular poblem. Since MOXE covers 4X
steradians, he Sun will always be in view oi at least one detector. During times of quiet Sun, the Sun is simply a
telemetry problem. These evenIs must be masked so as not to samrate our data sfrcam with uninteresting solar data.

!During s.olarmaximum, lhe Sun can be so intenseas to damage the detector, with lC$- ]06 photons#cm/see t~icid
outside of flares (1-8 A),and up to I(MI times more at flare maximum, At such times, the detector high voltage must
automathlly switch off to protect the cktectcw.

The =commodation of single pinhok modules on the Spxtrum-X-Gamma pimform is particularly strcighuorward.
Only h 1 cmz pinhole at the end of the taperd pyramidal collimator need be unobscured. The six modules can be
ilrmnged to each have slightly ~ I/&sky cmveragc, so that the ‘seams” arc still covered if the cube faces are slighdy
misaligned. The six modules arc independent (except for shard low voltage power supplies), have modest rcsowc
and accommodation requirements, arc based on proven, inexpensive technology, and have no inherent Iil elimc
limitations. The pointing direet.ionsof any and all am not critical and de not m-quircextcmal verification,

4.3 Hardware Reallzatlon of MOXE

MOXE consistsof an array of 6 X-ray pinhole cameras,and associateddigital and analog clcctromcs, Each pinhole
camera unit weighs 15 kg, has a volume of about45 x 45 x 32 cm, uses5 WaWs,and requires -800 bils per second.
‘I%e ccmtd electronics module weighs 29 kg and draws 23 Waus of conditioned power. The pinhole cameras will
ineludc detectors,high vohagc pwcr supplies,and preamplifiers. kh camcm will intcrkc to the centrul electronics
module for A/D cavcrsion, event amdysis, commanding, tclcmctry, data memory, intcrkc to the satellite, and low
voltage power supply. The system bhxk diagram is shown in FIgurc 4. Btx Isc Spectrum-X-Garnma flies outside
the Earth’s magnetosphere, it encountersa high radiation dose, All clcctroni~ will bc dcsigmd to withstand at Icmt
KY rds,

4.3.1 Detectors
I’he acfivc sensors for MOXE are pnsition-scmsilivcproportional counters, lIIC resolution mquircmcnl for hlOXE
(64 x 64 clcmcms) is very mmicst; wc can meet this rcquircmcnt by using proven, commcmi~ly avail~blc detector
technology. We will usescaled proportional counterswith RC pxith crwoding (Borkowski and Kopp 1972).

10

\



1159-20

Channel Module (1 of 6)

F 1 1

I
1 I‘ I w. m

Shaping
Pfearrip

“7
Amplifier

Module

I > -1

Module

>

pinhole
assembly

1
High

Voltage
Power Supply

t +
4-bit

Energy

Discriminator Nx
.-7

1.-52Jl lime-to- tlma

Interconnection

I Channel Module Z+ I

I Channel Modulo Z-

1 Channel Module X+ I

I Channel Module X- I
Channel Module Y+ 1-

1 Channel Module Y- 1

Spacecraft
Intefface Data (

System
-

Incredibly
Large

Memory
LVPS A

Module ,

+

II



Pssition signals will be read ml from two orthogr.md “rneandcrs” of high rcsistarwc wire (hc x and y ciuhtMlcs). The
rise time of the four signals (cm irom each cnd of each wii’c) will be proportioned to the positioii of the photon
interaction. Each detector’s active area will bc 32 x 32 cm, and it will bc filled with XC-C02 counting gas aI

atmospheric pressure or slighrly above. Similar sealed :!cmcwrs built by the Goddard ,group have remained stable for
more than 10 years. The expected position resolution, 0.5 crii, will bc sufflcicru for our requircmcnLs S-sided an[i.

coincidence m]d pulse shape discrimination will k used to n?jcct cosmic my btickground. An anLi-coincir!cncc pli]n~

will cover the fulJ area of the detector below tic main dctccmr volume, while Ihc ends of the x- and y-cathode ~iiy~’

will provide anticoincidcnce volumes to guard the sides. All 5 anti-coincidence vArcs wii’ he fcd inio a !w’@c Iwearnp
to yie!d a guard signal. Energy resolution will bc standard ‘for a proporriolml Couilit’r, 20% or bmcr (FWtihl) in h
k.cv.

The Iow-energy cutoff will M seI by the entmcc window, which will hc sclcclcd based on IL$ i.rtrnsmissiorr of
cosmic X-rays, absorption of Iuw-energy Solar flux, and ea!ieof integration. Ctrndidatc windows range from 0.00 I”
Mylar to 0.005” beryllium. .4 pyramidal asscrnhly WIII hold the 1 cm2 pinhole -16 cm above the detector (irs In
Figure 2). The window support assembly must have minimai obscumuon, even for rays striking the detector w
ttoglcs grcm.er than 45”, but fii~st support the window agair!lst a load of r!bout 2000 kg, Altcmmcly, wc muy fill the
pyramid volume with helium al almost snrrw pressure m the detector. This would ruinimizc the diffcrcrrtial across the
large window and allow a more modest support swucture.

4.3.2 Analog Electronics
The high voltage power supplies (HVPS) will produce a nominal +2700 VDC, This Icvcl will be commandablc to
adjust the dckctor gain. There will be one HVPS per dck!ctor. The prcampiificr will be “voltage sensitive”. The
ycarnplifrcrs will preserve the proportionality or the rise tilmc to mumction posiuon and provdc sufficient gain 10
preserve the signal to noise ratio from the dmctor. A singIe additional preamplifier will process pulses from flvc
intcrurnnectcd anticoirrcidcnce electrodes.

The shaping amplifier will consist of a set of amplifiers wlhictr will produce the time dcrivauvc O( the input (prc
amp) signal. 7%is will produce a OUIPUI sigrud which will hirvc a zero.crossmg rII the trmc the mpul signals peak.
This module will also sum the ou[puts of the four signals from tic dctutnr/prciump sysmm and pmducc two signals
necessary for further processing: 1) Thc sum signirl, which is proportional to the total cncrg y of the mcIdcnt PINmm
will be sm to the “Energy Analyzer Module” and resolved in onc of 16 energy Icvcls. 2) A pamllcl sum slgn;ll.
which will bc sent to a diflcrcntiator which will produce a Ngnal which will cross zcri) irIa known ml constant tln)l’
nflcr the interaction of the photon in the dctcclor. This sigrml will bc used m strobe the tlmc into rcadou[ rncnx~ry

The di,scrirrrirrator module (DSM) will detect tlw zero cross,mgs of the ind~vduul x und y dc[mt[)r (wtpuI slgn:ll~ m
well as that of the sum signal, This will prodw-e signals m sum and stop the time-to-amplitude convcrtcr and ~[:m
the energy ADC. The DSM will also pcrforrn a Icvcl discwnirrtruon on the “urui” sigmd ant! produce a flirg II th.lt
signal exceeds a commamhble Icvcl. A time-lo-trmplihrdc convcrtcr will produce a 12-IMI dqrwd word whluh Ii
proportional to the x and y positions of ~hc photon inlcractiwr in the druxtor, An energy ADC WII1 producr ir I{mr
bit digital word which will resolve the sum signul Irtm one of 16 energy bins using a low power somplcund-h(dd
analog to-digital converter s,stcml

4.3.3 Digital FNectronic!i
There will k onc intcrfacc dtita systcm (IDS) to ~crvu! lIIIC SIX chwrncl moduks of Ihc M( )X1”. lnwl]mcnt ‘Mc
heart of [hc lDS wil! be an ItoCY*).+i{ mltvo pwccssor whwh WII1 rcsprmd t[t Inlcrrupts fr:m Ihc ~tlimncl mf~lul,’i
On receiving a request for scrvicc lhc IDS WIII commwrd the module (m the duta bus whcrr I! will tw rcud UII(I pl,l~c(1
in memory for future rca&mt. The dtiur w’ II consist of 32 ‘hi[s: 12-PhuI1m l’oslli~m, 4 I’h(mm Em”rgv, 1 lkvc~ ttlr
ID, 12-Tlmc, ml 1 for the Arrli.coirrclclr’, ]cc flag, The 11]S will IIIM) rccclvc Ihc c(m~n]imds fr[ml the sp;ilv( I Jl t
cnwronmcnt, check thcm for vtrildlly, and pass them on to tlIIc apprtqwum! urh-un N (m J c[)mmand hll’.
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5. CONCLUSION

Most of our knowledge of X-my sources comes from their time variability, as glimpsed in occ&sionaJ obscrvaticms
by small field-of-view instruments. Such true monitoring over a large pinion of tJJcsky has been accomplished
only by tie Vela and Aricl-5 satellites (SCCPricxlhorsky and Hoh, 1987, for a review of the Instrumentation which
has been used for monitoring the X-ray sky). At present, there is no such monitor capability in orbil. The Jqmncsc
ASUO-C (Makino et al. 1986), launched in February 1987, provides partial sky coverage with a low duty cyclt, and
will probably not work into the Spectrum.X-Gamma epoch. MOXE will monitor the sky in an epoch o[hcwlw
uncovered, observing alJ bright X-ray sources all of the time.
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